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104 3. Semiconductor materials measurement technology 



... if it is high, error tends to occur due to external-noise electromagnetic waves, so it would be better to take 
the measurements in an electromagnetically shielded state to the extent it is possible to do so. 

If one pressure-welds the four probes, allows current / (A) to flow between <1> and <4>, measures 
the voltage V(W) between <2> and <3>, and sets the needle gaps to S u S 2 , S 3 (cm) as in the diagram, then 

T/ pl( 1 , 1 iL^-J-*-^ (2.14) 



and therefore the resistivity p becomes 



P 

and if S { = S 2 = S 3 = 5, we have 



(3. 15) 



2rrSK (3.16) 
P j 

Formula (3.16) holds true if the size of the sample is sufficiently greater than the needle, and ideally if 
it can approach infinity. Because actual samples are of limited size, corrections must be made in consideration 
of the needle position and the shape of the sample. 

It very often becomes necessary to measure the resistivity of a sample whose thickness is considerably 
less than the needle gap. This happens if, for example, one wants to determine the average resistivity of the 
diffusion layer in a pn junction that is formed by diffusing impurities, or a low-resistance epitaxial layer is 
formed on a high-resistance substrate and one is to determine from the average resistivity of the epitaxial layer 
the concentration of impurities included in the epitaxial layer. In such a case, denoting the thickness of the thin 
layer in which the current mainly flows by w (cm), the resistivity becomes 



T M ih F (ff) i3 - 17) 



where s is the needle gap and F(w/s) is the correction term given in Table 3.1. As is clear from the table, for a 
diffusion layer or epitaxial layer that is sufficiently thinner than the needle gap, F(w/s) may be taken to be 1. In 
this case, the resistivity is given by simply 

0 _,JL fy _£_. (3.18) 



Because the gap of the four probes is already known, if one prepares a diagram in which the current values are 
integer multiples of 7r/ln 2, the resistivity can be determined simply according to the voltage thickness. 
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What has been described thus far is the direct-current 
four-probe method. In taking actual measurements, error 
arises due to the large contact resistance of the probe and 
the thermal gradient. To overcome these drawbacks, the 
alternating current bridge method has been devised, 
which can quickly measure the distribution of in purities 
in crystals of silicon or germanium during the zone 
melting refinement method without performing any 
processing on the crystals, and is very convenient. 



3.2.2 Measurement of hole coefficient 

From the resistivity one can learn only the product of the number and mobility of the carriers, but the 
hole coefficient gives the type and number of carriers. And by measuring the temperature dependence of the 
hole coefficient one can also learn the level of impurities and the temperature dependence of the mobility. 

Figure 3.16 illustrates the principle by which the hole coefficient is measured. Ohmic electrodes are 
provided at both ends of a rectangular sample, and a current / (A) is made to flow. Its direction is taken as the 
x direction. Next, when an electric field H (gauss) is applied in the y direction, the carriers experience a force 
in the z direction. With a p-type semiconductor, holes accumulate on the upper surface in Figure 3.16, and 
with an n-type semiconductor, electrons accumulate there. In the equilibrium state, carriers flow in the x 
direction and no force acts in the vertical direction. If a magnetic field H is applied in the y direction, the force 
of this magnetic field that acts on the carriers and the force of the electric field that acts in the z direction are in 
equilibrium, and 



Table 3.1 : Correction term for the four-probe method 



w/s 



F(w/s) 



0.4 
0.5 

0.5555 
0.6250 
0.7143 
0.8333 
1.0 

1.1111 

1.25 

1.4286 

1.6666 

2.0 



0.9995 
0.9974 
0.9948 
0.9898 
0.9798 
0.9600 
0.9214 
0.8907 
0.8490 
0.7938 
0.7225 
0.6336 



z 




Figure 3.16: Diagram of hole effect measurement principle 
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sSL^lvtB (3.19) 
w c 

holds true. Here v x is the speed of the carriers in the x direction, and denoting by n the carrier concentration, 
we have 

„ L_ {3. 20) 

Vx ~ mod 

where c is the speed of light (in cgs units). Therefore, in practical units, a potential difference of 

v _ 10-"/// (3.21) 
nqd 

arises between the upper and lower surfaces of the sample. Here 

* 1 (3.22) 

nq 

is called the hole coefficient. The product of R H and the electrical conductivity a (= 1/p) is called the hole 
mobility and is expressed by 

fi J{ =Rn(J < 123 > 

In a semiconductor whose metal or resistivity has degenerated very little, the carriers can be 
considered to move at a constant speed v X) and the hole mobility is equal to the flow mobility /i 0 (-a/nq). But 
in an undegenerated semiconductor, v x depends on the kinetic energy of the carriers, so the hole coefficient is 
expressed by 

RH =JUL.±- ssr l- (3.24) 
nH p.* nq 1 r<q 

If the carriers are scattered only by the crystal lattice, then y = 37i/8. And if the carriers are scattered by 
ionized impurity atoms, the value is y = 3157i/512. These scattering mechanisms are related in a complex way 
to the types of impurities, the concentration of impurities, and the temperature. In general, scattering by the 
crystal lattice is effective near normal temperature, and scattering by ionized impurities is effective at low 
temperature. The higher the impurity concentration is, the more pronounced is the scattering by ionized 
impurities, and the difference in mobility of electrons and holes is greater in a compound semiconductor than 
in a simple semiconductor such as germanium or silicon. 

In measuring the hole coefficient, the rectifiability and contact resistance are smaller than if 
measuring the resistivity, and must be more robust with respect to temperature changes. Therefore long arms 
as shown in Figure 3.17 are extended so as to make large-area contact possible. The forming of such a sample 
depends on the ultrasonic machining machine and the etching technology, but what is important is that the 
width and thickness of the trunk part in the middle be uniform and that the arms that are oriented toward the 
middle be correctly oriented. If the opposition of these arms is bad, then an unbalanced voltage will arise even 
when no magnetic field is applied. This voltage is measured by reversing the magnetic field and can be 



I 
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3.2 Measurement of resistivity and of hole coefficient 




Fig. 3.17: Centipede-shaped sample for measuring hole coefficient resistivity 




Fig. 3.18: Sample for van der Pauw method 



eliminated, but if an electrometer is used, the precision with which measurements are read will be worse. And 
in order to eliminate the effect of the fact that the hole voltage is shorted-circuited by contact of the two ends, 
the ratio of the length to the width must be set to a factor of 4 or greater. 

Depending on the sample, sometimes forming cannot be done as in Figure 3.17. For such a sample, 
if it has a uniform board shape and a uniform distribution of impurities, there is a convenient method (the van 
der Pauw method) for measuring the resistivity and hole coefficient by providing four ohmic electrodes as in 
Figure 3.18. This has the advantages that measurements can be made even on a small sample, there is no need 
to make geometrical measurements such as of the distance between electrodes, and no error arises due to the 
geometrical arrangement. 

Given a sample, one measures the voltage K cd that arises between electrodes c and d when current / ab 
flows between electrodes a and b, and the voltage K da that arises between electrodes d and a when current / bc 
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flows between electrodes b and c. It is important to verify on a graph that the current-voltage relationship is 
ohmic. 

Setting 



. be 



(3. 25) 
(3.26) 



the resistivity is given by 



In 2 ' 2 



(3. 27) 



Here, /is a function of R { /R 2 and is as in Figure 3.19. If R { /R 2 < 1.5, it may be taken that /= 1. 

Next, one measures the voltage that arises between a and c when magnetic field H is applied to the 
sample perpendicularly and current is made to flow between b and d; adopting the notation 



/ bd 



btlac 



(3.28) 



the hole coefficient, in practical units, is given by the formula 

to 



Rll = -JJ" -IR b d , ac X - O 8 



(3. 28)' 



where AR bdiZC is the change in (3.28) between when a magnetic field is not applied and is applied. 
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Figure 3.19: Correction term for the van der Pauw method 
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Figure 3.20: Cryostat for measuring temperature changes in hole coefficient and resistivity 



A cryostat is needed for measuring the hole coefficient, because measurements are taken in a wide 
temperature range, from the temperature of [liquid] helium to several hundred degrees C. The temperature of 
the parts that hold the sample must be uniform, there must be good temperature stability as time passes, and it 
must be controllable. 

Figure 3.20 illustrates the principle of the cryostat, which can be used even at the temperature of 
[liquid] helium. The interior of an ordinary Dewar flask is silver-plated to prevent radiant heat. The sample is 
mechanically pressed on a Teflon plate and is put into a copper or brass cylinder. This pipe is for stabilizing 
the temperature, but it also serves to block the light. A heater for temperature control is attached to the outside 
of the copper pipe; for low temperature it is wound with constantan wire or platinum-rhodium wire, and for 
high temperature it is wound with molybdenum and tungsten wire. Temperature measurement is important 
when measuring the hole coefficient. Near the boiling point of helium (4.22 K), the internal pressure in a 
Dewar flask containing liquid helium is measured with a manometer, and the temperature is measured from 
the known pressure- temperature relationship. At 20 K or less, a metal thermocouple is used. 
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In measuring the hole voltage, a high-sensitivity potentiometer or electrometer is used. If too large a 
voltage is impressed on the current terminals, a small number of injected carriers drift, lowering the hole 
voltage. And at a low temperature, the carriers tend to become hot, and because of this the electric field must 
be set to 1 V/cm or less. Therefore the hole voltage necessarily becomes small. A 10" 7 -V potentiometer or 
vibrating-reed electrometer is used. This instrumentation must be both highly sensitive and have a high input 
resistance. 

The carrier concentration, for example the electron concentration n, is expressed by 

(2rm*kT\ *»( Nj>-Na\ ^J Ed-Ec\ n 

»H v ) \ i/i: v exp v kr ) (3<29) 

where E c is the lower end of the conduction band and E D is the donor impurity level. Taking the logarithm of 
both sides, we have 

In no: Ed ~$ ^ (3 . 30 ) 

Therefore it is convenient to plot the hole coefficient on a logarithmic scale and the reciprocal of the 
temperature on a linear scale. Figure 3.21 shows the measurement results for silicon that contains arsenic as a 
donor impurity. The slope of the straight-line portion is given by (E D -E c )/k, and therefore it can be learned 
how far the donor impurity level is separated from the lower end of the conduction band. The same can also 

7(K) 

. M 300100 90 40, 30 25 „ 20 

10 16 ( 1 f" ?; '-""j' " 1 [ " 
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Figure 3.21 : Temperature change of hole coefficient of silicon doped with arsenic (As) 
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be done in the case of acceptor impurities. The level of impurity atoms of various kinds has already been measured for 
germanium and silicon. So if the type of impurity is unknown, what the impurity is can conversely be learned by 
measuring the impurity level. 

In Figure 3.21, the hole coefficient tends to suddenly become smaller at high temperatures. This is because at 
high temperatures, electron-hole pairs are directly excited by the thermal energy; this is called the intrinsic region, and 
this slope gives the width of the forbidden band. 

In addition, when the hole coefficient in the low-temperature region is measured, the hole coefficient passes 
through its maximum value and declines. This is because, as a result of the fact that at low temperatures most of the 
electrons fall into the arsenic impurity level, electrical conduction takes place not just in the conduction band but also 
between impurity levels. This phenomenon is called impurity conduction. In this way, the relationship between the 
hole coefficient and the temperature tells something about the structure in the region where carriers are generated. 
Investigating the relationship of hole mobility and temperature will tell what kind of structure the generated carriers 
have and whether they will move within the semiconductor. The temperature dependence of the mobility varies 
depending on whether it is due to crystal lattice scattering, scattering by ionized impurities, or other scattering between 
carriers. 



3 . 3 Measurement of lifetime 

The lifetime, in addition to being an important value that determines the current gain, saturated current value, 
switching speed, and other properties of transistors, is also a quantity that is useful forjudging the purity and perfection 
of crystals. For a perfect crystal, it is theoretically calculated that the value of the lifetime for germanium or silicon 
will amount to several seconds, but in actual crystals it reaches a value of no more than from 0.1 /xsec to several msec. 
This is thought to be due to lattice defects or impurities in the crystal, and conversely something can be learned about 
the physical properties of a crystal from its lifetime. 

In general the lifetime is determined by the proportion of recombination of excessive electron-hole pairs, but 
the recombination process can be divided into (a) direct recombination, (b) recombination by recombination center, and 
(c) recombination by trap. In the case of (a) or (b), the lifetime of electrons and holes is almost the same, but in the 
case of (c), the two values are very different. 

Recombination occurs not just inside the solid but also on the crystal surface, and in the case of devices, 
surface recombination is the more important problem. In this case, the lifeti[page 1 1 1 ends here in mid-word] 
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3. Semiconductor materials measurement technology 



... is called ... boundary). In crystals having a diamond or sphalerite structure, the twin boundary is generally parallel to 
the (111) plane. In the case of a sphalerite structure that consists of atoms of two types, a characteristic twin 
relationship as shown in the diagram arises. 
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